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Broadcast-spawning scleractinian corals annually release their gametes with high levels of synchrony, both within and among species. However, the timing of spawning can vary inter-annually. In particular, the night of spawning relative to the full moon phase can vary considerably among years at some locations. Although multiple environmental factors can affect the night of spawning, their effects have not been quantitatively assessed at the multi-regional level. In this study, we analysed environmental factors that are potentially correlated with spawning day deviation, in relation to the full moon phase, in Acropora corals inhabiting seven reefs in Australia and Japan. We accordingly found that sea surface temperature and wind speed within one to two months prior to the full moon of the spawning month were strongly correlated with spawning day deviations. In addition, solar flux had a weak effect on the night of spawning. These findings indicate that Acropora have the capacity to adjust their development and physiology in response to environmental factors for fine-tuning the timing of synchronous spawning, thereby maximizing reproductive success and post-fertilization survival.
Introduction
Inter-annual variations in environmental conditions, e.g. temperature and photoperiod, can lead to shifts in the phase and amplitude of the seasonal oscillations of biological events. Scleractinian corals exhibit conspicuous spawning synchrony [1] [2] [3] , which was first documented in several populations on the Great Barrier Reef, Australia, where the majority of corals spawn synchronously over a few evenings following the full moon phase in late spring or early summer [4] . However, although the spawning pattern of corals has become one of the most well-studied annual reproduction events, it remains unclear how these corals adjust to inter-annual variations in environmental factors.
The synchronous spawning of corals is plausibly regulated by successive environmental cues at multiple timescales-spawning month (or season), day and hour [5] . Although the month of spawning has been linked to a number of environmental factors, including temperature, rainfall, solar insolation and wind speed [6] [7] [8] [9] , an investigation assessing all these variables at the scale of the Indo-Pacific basin indicated that the peak month of spawning is most closely associated with seasonal rises in sea surface temperature (SST) [10] . The day of spawning is generally in tune with lunar periodicity, and assumed to be determined by variations associated with the lunar cycle, e.g. in moonlight, pressure or water motion [2] . For determining the spawning hour, the duration of darkness after sunset is reportedly a potential proximate cue [11, 12] .
Despite the high synchrony of spawning that occurs each year, there remains substantial inter-annual variation. In particular, the night of spawning in relation to the full moon phase, which is critical for spawning synchrony, has been shown to exhibit inter-annual variation at some sites. Several local-scale studies have indicated that high SSTs in the months prior to spawning are correlated with the lunar spawning day [13] [14] [15] [16] . However, how and to what extent environmental factors influence inter-annual variations in the night of spawning have not been explored. To address this issue, we generated statistical models to analyse the multi-year-long and multi-regional data of the spawning days of the coral genus Acropora, the species of which are dominant in most shallow-water coral assemblages throughout the Indo-Pacific Ocean [10] .
Material and methods (a) Multi-year-long dataset of spawning days in
Acropora species
We obtained information on the spawning days of Acropora species from seven reefs in Australia and Japan, where field observations of coral spawning have been conducted for more than 5 years (electronic supplementary material, tables S1 and S2). Four of these reefs are located in the Great Barrier Reef (Heron Island, Lizard Island, Magnetic Island and Orpheus Island) and three reefs are located in the southwest of Japan (Sekisei Lagoon, Aka Island and Otsuki; figure 1a ). To select a single variable to represent the timing of spawning for a focal year, we focused on the date at which spawning was observed for the first time in each of the years (hereafter referred to as 'first spawning') and calculated the deviation between first spawning and the full moon of that month for each year and each reef (electronic supplementary material, table S1 and figure S1).
(b) Environmental variables
We selected four environmental parameters that are reportedly related to the timing of spawning: SST [10] , solar insolation [7, 8] , wind speed [9, 10] and rate of precipitation [6] (electronic supplementary material, table S3 ). The change in SST between days (ΔSST) was also used as a variable, as a previous study has reported that the rate of ΔSST is highly correlated with the spawning month [10] . In total, we used five variables in our model. Daily SST (°C) values were obtained from NOAA High-resolution Blended Analysis at a 0.25°spatial resolution [17] . The global daily 1°× 1°gridded Adjusted All-Sky Surface Spectral Shortwave Down Flux (hereafter, simply referred to as 'solar flux') data were obtained from NASA's Clouds and the Earth's Radiant Energy System Synoptic (CERES-SYN1 deg) Edition 4A, used as a measure of solar insolation. Solar fluxes (W m −2 ) are surface solar irradiances in the shortwave region (wavelength between 0.1754 and 4 µm) [18] . The daily means of 10 m above surface wind speed (m s −1 ) and rate of precipitation (mm h −1 ) at a 0.25°s patial resolution were derived from the Tropical Rainfall Measuring Mission's (TRMM) Microwave Imager (TMI) by the NASA Earth Sciences Program and were recorded using Remote Sensing Systems. These daily environmental parameters were obtained for the years 2003-2014 and used in subsequent analyses (electronic supplementary material, table S3 ). The mean values of each variable were calculated for four different time ranges: (1) −1 to −30, (2) −31 to −60, (3) −61 to −90 and (4) −91 to −120 days after the full moon of the month of the first spawning (DAFM) for each year (see electronic supplementary material, figure S1 for details). These time ranges were selected so as to cover the late stage of gametogenesis in Acropora corals [2, 14] , allowing us to examine in which range the environmental factors well explained the spawning day deviation. Monthly means of parameters (SST, ΔSST, solar flux, wind speed and rate of precipitation) were standardized to Z-score values (a mean of zero and a standard deviation of one) for each time range. To identify the factors affecting the night of Acropora coral spawning, we constructed linear mixed models (LMMs) with a Gaussian error structure, including Z-scores of the five assessed environmental parameters as explanatory variables and deviation from the full moon (by the DAFM) for each year as the response variable. No multi-collinearity between the environmental variables was found using variance inflation factors [19] (i.e. all five variables had variance inflation factors less than 3), and thus all variables were included in full models. The difference in reefs was included in the models as a random intercept. LMMs that included all experimental parameters (full models) were generated for each of the four different time ranges. To select the best-fit models (best LMMs) for each time range, all possible pairs of models were compared based on the Akaike information criterion (AIC) and the models with lowest AICs were selected. The data from the selected bestfit models were visualized for analytical use to examine the normality and homoscedasticity of the residuals (electronic supplementary material, figures S2-S5). Subsequently, we calculated two types of R 2 -values for the selected best-fit models: marginal R 2 (R 2 m ), which indicated the variance explained in the response variable by fixed effects, and conditional R 2 (R 2 c ), which indicated the variance explained by both fixed and random effects [20] . We also calculated the proportional change in variance at the reef level (PCV [Reef ] ) for the selected models to evaluate how the addition of fixed effects to the intercept model affected the variance component at the reef level [20] . Positive and negative PCV [Reef ] values indicate that the variance at the reef level has decreased and increased, respectively. All analyses were performed using R v. 3.5.1 [21] .
Results
Observational records of the spawning day on the seven examined reefs are summarized in electronic supplementary material, table S1 and histograms for these variables are presented in figure 1b (for total observations) and electronic supplementary material, figure S6 (for each reef region). Deviation from the full moon ranged from −3 (for Sekisei Lagoon in 2005) to +13 DAFM (for Otsuki in 2003), the mean and mode values were +3.83 and +5, respectively (solid and dashed vertical lines, respectively, in figure 1b ). The spawning day deviation varied across reefs, with the mean deviation in Otsuki being highest among all seven reefs (+7.167 DAFM) and that in Sekisei Lagoon being lowest (+0.8571). Table 1 summarizes the best LMMs selected based on the AIC values for different time ranges. The best LMMs for three of the four time ranges included the monthly mean SSTs, which had negative coefficients in all selected models. This indicated that when the monthly SST was low, the night of spawning was significantly delayed (i.e. it occurred later relative to the full moon; figure 2a and electronic supplementary material, figure S7 ). Wind speed was selected in the models for time ranges (1) and (2) and was found to positively contribute to the models (table 1; figure 2b and electronic supplementary material, figure S7 ), although the contribution was less clear in the models for time range (2) (table 1). Moreover, solar flux was selected in the best model for time range (4) and had a positive coefficient (table 1 and figure 2c; electronic supplementary material, figure S7 ). When we assessed the difference in the AIC values between the selected best model and the null model (ΔAIC), the best model of time range (1) showed the highest ΔAIC value among the four time ranges. The fixed effects of the best model of time range (1) explained 43.86% of the variance in the response variable ðR 2 m ¼ 43:86%Þ, and when considering a random effect (reef ) in addition to the fixed effects, 67.26% of the variance was explained ðR 2 c ¼ 67:26%Þ. Moreover, the residual of the model fitted well with a normal distribution (electronic supplementary material, figure S2 ). The PCV [reef ] values of the best-fit models for all time ranges were positive, which indicated that the inclusion of selected environmental parameters reduced the variance component at the reef level. A summary of the statistical results of the full models for the four different time ranges is shown in electronic supplementary material, table S4.
Discussion
Although Acropora corals spawn with high levels of synchrony, the night of spawning relative to the full moon phase varies inter-annually, suggesting some interplay between environmental and endogenous (developmental and physiological) factors. Although this study was not designed to establish a causal relationship between environmental parameters and royalsocietypublishing.org/journal/rsbl Biol. Lett. 16: 20190760 Table 1 . Summary of the best-fit linear mixed models (LMMs) having lowest AIC value for each of four time ranges. The results of full models were summarized in electronic supplementary material, table S4 and the diagnostic plots of these models were showed in electronic supplementary material, figure S2-S5. CI: confidence interval; VC: variance components; AIC: Akaike Information Criterion; ΔAIC: the difference of AIC between the best-fit model and the intercept model; R 2 m : marginal R 2 ; R 2 c : conditional R 2 . AIC values were calculated using maximum likelihood (ML) and other parameters were generated from restricted maximum likelihood (REML). spawning events, we did use statistical measures to explain inter-annual variation in the spawning days. Our results showed that high SST and low wind speed were clearly correlated with earlier spawning events, where the mean SST and wind speed explained approximately 50% of the deviation from a full moon. A weak correlation was detected between the solar flux four months prior to a full moon and the spawning days.
Correlations between SST and spawning day have been shown in several field observations [13, 14, 16] and an empirical study [22] , all of which reported that high seawater temperature accelerated the spawning day in Acropora corals, which is consistent with our results. SST potentially affects the day of spawning in two ways, namely, the progression of gamete maturation and the proximate trigger for spawning events. In corals, temperature influences gametogenesis and the reproductive cycles, and thus functions as a determinant for the spawning season [2] . The eggs in Acropora species become pigmented (matured) approximately three weeks prior to spawning, and spermatids appear in testes four to six weeks prior to spawning [2] . These periods correspond to time ranges (1) and (2) in the present study, in which SST had a significant effect, suggesting that high SSTs accelerate the development of gametes and subsequently the day of spawning. Several studies have proposed that hormone pathways and G protein-coupled receptors are involved in gamete release [11, [23] [24] [25] , which awaits further studies in light of the role of SST.
Keith et al. [10] found that wind speeds were weakly correlated with the month of spawning in Acropora spp. in the Indo-Pacific, such that spawning is more probable when wind speeds are at intermediate levels [10] . Our results also indicated that high winds in the period immediately prior to spawning might delay the night of spawning. One plausible advantage of synchronous spawning is to maximize the probability of fertilization [26] [27] [28] , which high wind speed and subsequent high wave action can negate, by increasing the dispersal of gametes before fertilization, in addition to the formation of white caps that can damage naked coral embryos floating at the sea surface [29] . Corals may sense water movements and regulate their spawning behaviours to avoid periods of high wave energy. In addition, strong winds leading high waves and surface currents may change the mixed layer depth as well as sunlight reflectivity, and thus affect seawater temperature. Interaction of these factors will be a subject of future empirical studies.
Solar flux is related to the energy acquisition of coral via the photosynthesis of symbiotic algae, which may accelerate the maturation of gametes and spawning days. Another possibility is that increasing solar flux at time range (4) affected the subsequent increase in SST at time ranges (1) and (2) and indirectly accelerated the spawning days. In our study, the SST was found to lag the solar flux cycle at all the seven reefs examined (electronic supplementary material, figure S8) . The difference in two fluctuating factors (SST and solar flux) may account for the effects of these factors at different time ranges.
Overall, our data are consistent with the hypothesis that Acropora have the capacity to fine-tune the timing of spawning, by adjusting their development and physiology in response to the environmental factors, potentially leading to increases in reproductive success and post-fertilization survival rates. Recent climate change has been shown to have significant impacts on coral reef ecosystems [30] [31] [32] , e.g. rising SST due to global warming may cause the mass bleaching of corals [33, 34] and is likely to go along with unpredictable effects on environmental factors. The bleaching can lead to detrimental effects on coral reproduction such as decreasing number of gonads in polyp, reduction of gravid colonies and impaired sperm motility [35] [36] [37] , and the negative effects on the reproduction may persist for several years [38] . Moreover, a recent study has reported that the spawning synchrony of Acropora eurystoma has been attenuated in the Red Sea, which might result in reducing the probability of fertilization success [39] . This study provides a basic framework for further data-driven studies to understand the responses of corals to environmental changes as well as the underlying mechanisms that regulate their reproductive cycles.
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